Abstract--Short-term recognition memory for single-digit numbers, three-digit numbers, and the pitch of pure tones was studied in a subject (H.M.) who appears to possess normal shortterm memory, but to be almost completely lacking in the ability to form new long-term memory traces. The primary purpose was to test the short-term memory component of a dualtrace strength theory developed for normal subjects. To a first approximation, H.M.'s tracestrength decay curves are exponential, as postulated by strength theory for short-term memory. Furthermore, the rate of decay of this trace for H.M. is well within the range of normal subjects. These findings agree with previous findings on H.M. in support of a dual-trace theory of memory. More particularly, the present findings support the strength theory of memory proposed by WICKELGREN and NORMAN [15] .
real-valued random variable (the "strength" of the item); (b) The mean of this random variable is incremented by presentation of the item and decays (exponentially) as a function of the duration of the filled (rehearsal-preventing) delay interpolated between presentation and the test of the item; (c) The decision rule used to determine whether or not the test item has been presented previously is the criterion decision rule of signal-detection theory (decide "yes", if and only if the strength of the test item in memory exceeds a criterion).
There are two subsidiary assumptions which also seem to be approximately valid for normal subjects, namely, that the noise in trace strength is normally distributed, and that the variance is independent of the mean. These subsidiary assumptions simplify computation, but are in no sense crucial for strength theory.
Strength theory has previously provided a rather good description of the performance of normal subjects in the same short-term memory tasks to be used in the present study with H.M., namely, recognition memory for three-digit numbers [15] and the pitch of pure tones [14] . However, in the latter case, but not the former case, it was necessary, for normal subjects, to assume some sort of intermediate-term memory component which summed with the short-term memory component to produce the total memory trace.
If strength theory is correct, then it should not be necessary to assume an intermediateterm component of tile memory trace in either case for H.M., and H.M.'s data for both numbers and tones should be well fit by a single exponentially decaying short-term memory trace with approximately the same acquisition and decay parameters as normal subjects. On the other hand, if the good fit of strength theory for normal subjects was due to a fortuitous interaction of short-term and intermediate-term or long-term memory in a manner quite different from that postulated by strength theory, we might expect a subject without intermediate-term or long-term memory to show marked deviation from the single exponentially decaying trace postulated by strength theory for short-term memory.
At the same time, if H.M.'s data show close agreement with the short-term memory component of strength theory with acquisition and decay parameters within the range for normal subjects, and if his data do not require an intermediate-term or long-term component, then the present study will provide further support for the hypothesis that H.M. has a completely normal short-term memory accompanied by an inability to form new long-term memory traces.
METHOD
All the experiments reported in the present paper use the method of "yes-no" recognition memory for single items. The items in different experiments are single-digit numbers, three-digit numbers, or pure tones, and the retention intervals vary from 0.25 sec to 8 sec. The general procedure is to present the item or list of items to be remembered and then after a delay to present a single test item about which H.M. must decide "yes" or "no" ("same" or "different") as to whether the test item had been presented previously on that trial.
Exp. 1 : Single digits
Procedure. On each trial H.M. got a ready signal, followed in about 1 sec by auditory presentation of a list of 8 single-digit numbers presented at a rate of 3 digits per sec, followed immediately by a single test digit, followed by H.M.'s decision as to whether the test (last) digit had occurred in the previous list of 8 digits. H.M. usually gave his answer within 2 sec after the test letter and the next trial began about 3 see after this. In all the experiments reported in this paper, the trials themselves were recorded on tape, but the experimenter started and stopped the tape recorder between trials to record H.M.'s responses.
H.M. had a card in front of him throughout the experiment which reminded him of the decision he was to make. The instruction on the card was as follows: "Did the last number appear earlier in the list?" From time to time the experimenter repeated this instruction aloud to H.M. and indicated that he should keep looking at the card to remind himself of the task. We must keep in mind that on part or all of some trials H.M. may not have remembered what he was supposed to be doing, but as far as one can tell from his speed and alertness in performing the task, this was not a major problem.
Design. There were 11 different conditions in the experiment. In 9 of the conditions no digit was repeated in the list of 8 digits and the test digit was identical to the digit in the first, second, third ..... eighth position in the list or else was not identical to any digit in the list. The last condition occurred 3 times as often as the other conditions. In the other two conditions, the second and fifth digits in the list were identical and the test item was either that digit or a digit that did not occur in the list at all. Conditions were presented in random order in blocks of 13 trials. There were 21 different examples of each condition, some of which were presented twice and some three times to make a total of about 47 trials in each condition, except the false recognition condition after lists with no repeated items, which had about 141 trials. The N for each condition is actually slightly smaller than this because about 2 per cent of the trials were discarded due to failure of H.M. to respond.
Exp. 2: Three-digit numbers
Procedure. On each trial H.M. got a ready signal followed by a list of 3-digit numbers which was presented at the rate of one 3-digit number per sec, followed immediately by a test 3-digit number, followed by H.M.'s decision as to whether the test (last) 3-digit number had occurred earlier in the list. As in the previous experiment the subject had a card in front of him that reminded him of the instructions as follows: "Did the last 3-digit number appear earlier in the list ?"
Design. Lists of five and seven 3-digit numbers were presented (in different sessions) and every serial position of each list length was tested approximately equally often (N of about 40 for each position in length-5 lists and N of about 50 for each position in length-7 lists). New 3-digit numbers (not present in the preceding list) were tested 99 times for length-5 lists and 186 times for length-7 lists. The same lists were used as in WICKELGREN and NORMAN [15] , and that article should be consulted for details of list construction and randomization of conditions.
Exp. 3: Pure tones
Procedure. On each trial H.M. got a ready signal followed by a standard (S) tone lasting 2 sec, followed by an interference (I) tone lasting a variable t~ sec, followed by a comparison (C) tone lasting 1 see, followed by H.M.'s decision as to whether the S and C tones were the same or different in pitch. H.M. always had a card in front of him that said, "Did thefirst tone and the last tone sound the same or different in pitch?"
Design. There were 7 values of ti, 0.25, 0.5, 0.75, 1, 2, 4, and 8 see, and 3 values of frequency difference between the S and C tones, -10 eps, 0 cps (appeared twice as often as the others), and 10 cps. The S tones were randomly assigned frequencies between 400 and 490 cps in 10 cps steps. The I tone was 930 cps. Conditions were randomized in blocks of 7 ×4=28 trials, with 18 different blocks. Each block was tested about twice giving an N of about 72 for 0 cps conditions and 36 each for 10 and -10 cps conditions.
RESULTS

Response probabilities
The probabilities of correct and false recognition for items from each serial position (k) in lists of 8 single-digit numbers and lists of 5 and 7 three-digit numbers are shown in Table 1 . Conditions where the test item was not in the prior list are indicated by a * The correct and false recognition conditions in the lists of 8 single-digit numbers where the second and fifth items were identical are indicated by 2, 5 and *2, 5, respectively. The results indicate a general decline in frequency of correct recognition of a test item as the number of items intervening between presentation and test increases, but there appears to be some primacy effect as well, in the single-digit lists and the length-7, threedigit number lists. The probabilities of correct and false recognition of comparison tones in the delayed comparison task are shown in Table 2 . Since only one item, the S tone, is to be remembered and the different delay intervals ti, could and undoubtedly did produce different biases to respond "same", it is necessary to assess both correct and false recognition rates for each h. On the whole, Table 2 indicates a deterioration in the accuracy of distinguishing C tones that are the same as or different from the S tone, with increasing (filled) delay between the two. 
Strength theory
The correct and false recognition probabilities shown in Tables 1 and 2 can be transformed into measures of the difference between correct and false recognition conditions in average strength of the memory trace for the test items. This transformation from pairs of response probabilities into average strength-difference measures uses the criterion rule of signal detection theory, which can be applied in a very direct and plausible manner to recognition memory [1, 7, 15] . The essence of the theory is that correct and incorrect test items can be characterized by a unidimensional measure of strength in memory, the value of which, under constant experimental conditions, is approximately normally distributed with a mean which is higher for correct than for incorrect test items.
In general, it is not necessary to assume that the trace strength distributions have equal variance, but for the types of tasks reported in this paper, variances have always been approximately equal. It was not possible to obtain confidence judgments from H.M. in the present experiments. Thus, it was not possible to test the equal variance assumption for H.M., and we must assume that the variances of correct and incorrect strength distributions are approximately equal for H.M., just as they are for normal subjects. For the same reason, we must assume without direct proof that the strength distributions for H.M. are approximately normal, just as they are for normal subjects. Under these assumptions, one can obtain measures of the difference in mean strength for correct test items vs. incorrect test items. This strength difference is the d' value obtained by looking up the correct and false recognition probabilities in the tables of d' of ELUOTT [2] . SO much for the decision assumptions of strength theory.
The short-term memory acquisition-assumption is essentially that presentation of an item boosts its mean strength by a certain amount and boosts the mean strength of an equivalence class of similar items by a lesser amount. Let the difference between these two initial acquisition strengths be e (where the unit of measurement is the standard deviation of the trace strength distributions). The acquisition parameter (~) represents the initial discriminability of correct vs. one class of incorrect test items, at the time of presenting the correct item.
The short-term memory decay assumption is that this difference in strength (discriminability) of the correct and incorrect test items decays exponentially as a function of the time delay interpolated between presentation and test, provided the time delay is filled with intervening activity to prevent active rehearsal.
The prediction of strength theory for H.M.'s data is that the discriminability of correct vs. incorrect test items (d'), in any task, will decay exponentially as a function of delay (t~). Thus, d'(t~)= ae-Ptj, where the decay rate (/3) would be expected to remain constant over different tasks, but the acquisition constant (~) might vary considerably depending on the similarity of the correct vs. incorrect test items. For example, if one used incorrect C tones 20 cps from the S tone, one would certainly expect to find a larger value of the acquisition parameter (~), but one would not expect the decay rate (fl) to change.
Goodness-of-fit of strength theory
According to the strength theory just described, log [d'(ti) ] is a linear function of t L with a y-intercept of ~ and a slope of -/3. The results of such semi-logarithmic plots of the empirically obtained d'(h ) values for single digits, length-5 digit triples, length-7 digit triples, and pure tones are shown in Fig. 1 In all four cases, d' has a marked tendency to decline with increasing delay. Furthermore, the rate of decay (/3) seems to be approximately the same in all four cases. However, the acquisition parameter (~) is different in each case. The theoretical lines shown in Fig. 1 are for fl= 0.29 and ~ = 3.3, 4.5, 2.8, and 2.0 for single digits, length-5 digit triples, length-7 triples, and pure tones, respectively.
There are some interesting deviations from the theoretical lines shown in Fig. 1 , namely, a marked primacy effect for single digits, a slight primacy effect for length-7 digit triples, and a peculiar fiat portion of the decay curve for pitch in the region of t t less than 2 sec.
If one estimates ~ and fl for length-7 digit triples and uses the false recognition rate to estimate the criterion for a "yes" response, one can test the goodness-of-fit of the strength theory (in predicting the correct recognition rate) by a chi square test on 7 -2 = 5 d.f. For the length-7 digit triples, 7~2=5.93 on 5 d.f., p>0.30, indicating an extremely good fit of the theory to the data. Now let us take the value of the short-term memory decay parameter (fl) estimated from the data for length-7 digit-triples and use it along with separate estimates of the acquisition and criterion parameters obtained from each other set of data, to obtain predictions of the correct recognition rates for each of the conditions of the other experiments. The chi square values for the fit of the theory to each of the other experiments were: X 2 = 11.65 on 7 d.f., p > 0.10, for single digits, X 2 = 6.56 on 4 d.f., p > 0.10 for length-5 digit triples, and X2= 12.15 on 6 d.f., p>0.05 for pure tones. The goodness-of-fit tests indicate a reasonably good fit in every case.
The acquisition parameters for H.M. are somewhat lower than those obtained in the previous experiments using normal M.|.T. and Harvard students. This is hardly surprising, and of no theoretical significance, especially since his immediate memory span was somewhat below the memory span for normal M.I.T. and Harvard students, before his operation, and was not changed by the operation. The acquisition parameter is subject to differences in coding strategy, ability to maintain concentration, and the degree to which the subject follows instructions. Any or all of these factors, though particularly the last one, might account for H.M.'s slightly lower degree of original learning of each item. In any event, the nature of the memory trace is indicated not by the acquisition parameter, but by the form of the decay function and its decay rate parameter(s). H.M.'s decay functions appear to be reasonably well fit by a single exponentially decaying trace, with a decay rate completely within the range of decay rates for the short-term memory traces of normal subjects [15, 14] .
The short-term memory component of strength theory provides a reasonably good description of the performance of a subject who has virtually no ability to form long-term memory traces. Thus, it cannot be argued that the good fit of strength theory for short-term memory in normal subjects is due to a complex interaction of short-term and long-term memory because a good fit is obtained for a subject who presumably has only short-term memory.
Certainly, no evidence was found in the present study to indicate the necessity of estimating any intermediate-term or long-term memory traces to fit the data of H.M. in any of the present experiments. This is particularly interesting since it has proved necessary to estimate an intermediate-term memory component to fit the pitch memory data in normal subjects (WICKELGREN [13, 14] ).
The primacy effects observed in two of three cases for H.M. are not surprising, since primacy effects in short-term memory have also been observed for normal subjects [15] .
More disturbing is the flat portion of the decay curve for pitch memory in the region from 0.25 to 2 sec for H.M. This could be due to rehearsal by H.M. during the interference tone, especially since it was impossible to instruct H.M. not to rehearse the standard tone during the interference tone. However, an attempt to get similar results from one normal subject who was instructed to rehearse the standard tone during the interference tone failed to show a comparably fiat decay curve in the region of 0.25 to 2 sec, though there was a definite tendency in this direction. Perhaps H.M. is much more skilled at rehearsing in the presence of distraction. This interpretation of the flat portion in H.M.'s decay curve for tones must be considered completely tentative.
Probably the most disturbing feature of H.M.'s data is the vastly different degree of learning, ~, for each triple in length-5 as opposed to length-7 lists. No such difference was observed with normal subjects [-15] . One expects differences in degree of learning for different types of items, but one does not, in general, expect differences for different list lengths.
The most plausible explanation, in my opinion, is that H.M. had a greater tendency to forget what he was supposed to be doing in the length-7 experiment than in the length-5 experiment. During acquisition, this could lead to a lower average degree of learning (boosting of strength) for presented items. During retrieval, this could lead to an increase in retrieval noise. Hence there would be a decrease in d'(ti) for either or both of two reasons. First, the mean strength of old items is reduced, and/or second, the standard deviation of the retrieval noise (which is the unit of measurement of strength) is increased.
The latter effect would be reflected entirely in a reduced value of the acquisition parameter (~) with no effect on the decay parameter (/~) or the exponential shape of the decay function. The former effect is more difficult to analyze, requiring us to assume that acquisition (~) is a random variable, rather than a real variable. Any of the more plausible theories of the probabilistic aspects of H.M.'s acquisition will predict a reduction in the acquisition parameter. Unfortunately, they will also predict changes in the shape of the decay function, depending on the amount of acquisition noise. This being the case, the data suggest that the largest difference between length-5 and length-7 lists was an increase in retrieval noise, with the level of acquisition noise being rather small in either ease.
DISCUSSION
The overall fit of strength theory to H.M.'s datais quite satisfactory. That this good fit was achieved using the same decay rate in all four eases is particularly convincing. Nevertheless, there were some deviations from the theory that might have proven systematic in a larger experiment. Thus, the support of strength theory in the present study must be considered tentative.
However, what is overwhelmingly supported by the present study, in agreement with all previous studies of H.M. and subjects with similar deficits [5] , is that there are at least two different memory traces in normal subjects, a short-term trace and a long-term trace. In view of the fact that H.M.'s short-term memory seems to be normal, while his ability to form new long-term memory traces is virtually completely absent, it seems rather unlikely that short-term and long-term memory are based on a single trace with different degrees of acquisition.
Of course, all that is definitely shown is that H.M. is lacking some vital component in the consolidation process for long-term memory traces. It is logically possible that this consolidation process simply boosts to a higher level the same trace established by external stimulation, and that no amount of external stimulation can boost the trace to this high level without the operation of the internal consolidation system. H.M.'s deficit is most simply explained by assuming that a different trace is established by the consolidation system. Nevertheless, it is possible to imagine a rather complex system in which the level of a single trace is a complicated function of external stimulation up to some level and of the internal consolidation process beyond that level. However, a variable-acquisition singletrace theory is contradicted by the vast difference in rate of decay observed in normal subjects for traces with the same strength, but established in short-term vs. long-term memory experiments.
MELTON [4] has suggested that we view memory as consisting of a single trace, whose rate of decay is a variable that is a function of the number of repetitions, the nature of the material being learned, the nature of the prior and subsequent material, etc. This variabledecay single-trace theory is much harder to distinguish from a dual-trace theory than is a variable-acquisition single-trace theory. However, H.M.'s data force the variable-decay theory to assume that the reduction in decay rate with multiple presentation depends on the operation of an internal consolidation process, while the initial establishment of the rapidly decaying trace depends on a different internal consolidation process. Thus, either type of single trace theory is required by H.M.'s data to postulate a dual consolidation process.
But what of the evidence that short-term memory has functional properties very similar to long-term memory [-3, 4, 6, 8-11, 13, 16] . The results of all of these studies can be summarized as indicating that short-term memory is associative, just as is long-term memory.* In verbal short-term memory at rapid rates of presentation, structural phonemic coding is much more important than any coding by meaning, whereas when subjects have more time to study the material to be remembered, they recode the material in a variety of other ways. Nevertheless, the storage is by the strengthening of associations between internal representatives in either case, only the nature of the internal representatives is different. Furthermore, although there is greater replication in different subsystems of the nervous system of the long-term traces than of the short-term traces, it is quite likely that all subsystems can have both short-term and long-term memory traces formed between their internal representatives.
Thus, all the evidence on the relationship between short-term and long-term memory can be summarized in the following manner. Short-term memory is mediated by a rapidly decaying facilitation of the association between (or within) internal representatives; longterm memory is mediated by a much more slowly decaying facilitation of the association between (or within) internal representatives. There are simply two different traces that can facilitate the same connections between internal representatives. * When one is studying item recognition memory, as in the experiments reported in the present paper, one conceives of the facilitated associations to be those between the component parts of the internal representative of an item.
